The paper provides an analysis of impact of deposition conditions on structural and phase state and thermal stability of vacuum arc coatings based on Ti(Al):Si layers. We studied single-phase single-layer coatings, and multiperiod bilayer coatings with second phase nitride interlayers of one of the following three metals: Mo, Cr or Zr. It was established that hexagonal and cubic lattices may form in the coatings when transition to the cubic lattice occurs with Al content of about 25 at. %. Presence of second nanoscale (7-8 nm) layers in bilayer multiperiod compositions, which consist of one nitride from CrNx, MoNx or ZrNx group, does not change the type of lattice in [Ti(Al):Si]Nx layers. Also, an fcc lattice with a strong or weak texture [111] forms in CrNx and ZrNx layers, while crystallites with hexagonal lattice form in MoNx layers. High-temperature annealing at 700 °С during 40 minutes leads to a significant (by 23 % or up to Н  47.56 GPa) increase in microhardness of coating of the [Ti(Al)]Nx/ZrNy system due to formation of a nano-size structure with an average size of crystallites of 3.6 nm in [Ti(Al)]Nx layers, and 6.3 nm in ZrNx layers.
INTRODUCTION
The growing interest to high-temperature coatings has predetermined an intensive development of technology of formation of composite multielement multilayer coatings, in which high functional properties are obtained through correct choice of constituent ingredients [1] [2] . The right structural condition, which is obtained through structural engineering techniques [3] under development, is another factor to ensure required properties of the material.
Nitride coatings based on TiNx have high mechanical properties but comparatively low thermal stability [4, 5] . Their mechanical and tribological characteristics, as well as thermal stability and resistance to oxidation can be significantly improved by adding aluminum. Depending on the composition of elements, materials of the triple system based on Al, Ti and N can have either cubic or hexagonal structure. The [Al(Ti)]Nx metastable solid-state solution with the cubic face-centered (fcc) NaCl structure (B1 type) keeps stable up to х  0.6-0.8 [6] . With the amount of titan exceeding the said upper limit, a crystal hexagonal lattice of ZnS type (wurtzite) forms. The coatings based on Al, Ti and N, unlike their analogues with fcc structure, have comparatively high thermal stability, but at temperatures higher than 900 °С they lose most of their mechanical properties and resistance to oxidation [7] .
Silicon additives significantly change the structural and phase state, stereological characteristics and physical-chemical properties of nitride coatings, particularly, we observe increase in hardness and stability to oxidation of nitride layers [8] . Segregation of silicon atoms on grain boundaries leads to formation of amorphous-like SiNx phase, the interlayers of which segregate titan nitride or aluminum nitride grains and in such a way prevent their growth [9] . Such nanocomposite can have unique mechanical properties and thermal stability, and therefore it is a very promising material for high-temperature [10] [11] [12] .
Another technique facilitating formation of the nano-structural state and therefore improving performance of the coating is creation of multilayer systems with a nanosized interlayer period. We believe that nitrides of transitional metals are promising materials for application in formation of the said structures.
The objective of this work was to carry out a feasibility study of structural engineering to improve hightemperature hardness of TiAl-based initial coatings by forming various nitride layers and multiperiod compositions based on them. In the course of this study, as a second layer in multiperiod systems, we formed three different nitrides with different enthalpies of formation: ZrNx (-365 kJ/mol), CrNx (-123.4 kJ/mol), MoNx (-37 kJ/mol).
SPECIMENS AND METHODS OF STUDY
We obtained coatings by vacuum-arc technique using an upgraded modification of Bulat-6 unit [13] . The working (ammonium) pressure in deposition (P) was 1  10 -5 or 4  10 -3 Torr. The deposition was carried out from one Ti(Al):Si composition or two sources. When two sources were used, the composition of the first one was just like in the former case, i.e. Ti(Al):Si, while the second source was metallic. We applied one of the following three metals in various options: either Мo, or Cr, or Zr.
The coatings were deposited on 15  15 mm 2 specimen plates which were 2.5 mm thick and made of Х18Н10Т stainless steel.
In coating formation from two sources, specimens were fixed on a special platform which was constantly rotating during deposition shifting the specimens from one source to the other. With the rotation speed of 8 rpm, it took 1 hour to form a 9 m thick coating. This coating consisted of 7-8 nm thick biphasic interlayers. In the process of deposition, the substrates were kept at a constant negative potential Usp of 50 or 100 V. The specific modes of deposition are shown in Table 1 (Iaarc current of the first and second cathode source, Iffocusing current, Usp -potential on the substrate during deposition, P -pressure of nitrogen atmosphere). After deposition, the composites were annealed at 700 °С during 40 minutes in a VHT 8/22-GR Nabertherm GmbH vacuum furnace at a residual pressure of no more than 3  10 -5 Torr.
The structure and phase analysis of obtained coatings was done by X-ray diffraction method in a radiation of Cu-kα using a DRON-4 diffractometer. The profiles were separated with the help of the New Profile software package. To analyze the profiles, we used the New Profile software package.
The microhardness was measured by an AFFRI DM-8 using standard methods under an applied load of 50 g on the indentor.
The elemental composition was determined by energy dispersive spectra obtained on an EDАХ X-ray microanalizer, which was combined with a Quanta 200 3D scanning electron and ion microscope.
RESULTS AND THEIR DISCUSSION
The phase composition, structure and mechanical properties of [Ti(Al):Si]Nx coatings can be efficiently controlled by setting appropriate deposition parameters. Particularly, change of energy in falling particles substantially influences the mechanism of film growth and hence its properties. The process of vacuum arc evaporation provides highly ionized plasma with ions of metals which are in different states of ionization. Different ion charge states are characterized by different energy of particles, which may increase the impact energy of ions when they hit substrates. Such an increase of energy may be achieved without growth of bias voltage on the substrate. Besides, high energy of falling ions leads to thickening of coatings. Thus, with relatively insignificant bias voltages, we can form coatings with a dense structure and comparatively low porosity.
The electronic microscopy data (Fig. 1) show that [Ti(Al):Si]Nx-based coatings have a dense and practically droplet-free structure, whose homogeneity increases during annealing.
The elemental analysis of coatings was carried out on energy dispersive spectra which have a typical look in [Ti(Al)]Nx/ZrNy systems ( Table 1 The resulting data of the elemental analysis are provided in Table 2 . It should be noted that the table shows metal atoms content in coatings excluding nitrogen atoms content which does not exceed 2 at. % for Series 1 specimens, while it is close to equiatomic contents for specimens of other series (one nitrogen atom per one metal atom). Table 2 shows that in the specimens obtained at low (1  10 -5 Тоrr) pressure of nitrogen (Series 1, Table 1 ) and its small (less than 2 at. %) content in the coating, the atomic ratio Ti/Al makes 3.36, which corresponds to the content of Al in the coating in the amount of about 23 at. %.
The increase of nitrogen pressure in deposition up to 4  10 -3 Тоrr leads to change of Ti/Al ratio towards increased content of Al, which corresponds with its content in the coating totaling about 26.5 at. %.
It is believed that almost all evaporated particles spontaneously interact with dissociated nitrogen forming nitride molecules Me-N (Me  Al, Ti) on the film surface [13] . These molecules (unlike weakly bound metal molecules) are much less subject to repeated sputtering even in relatively intense high-energy ion bombardment. Therefore the suggested cause for change of the Ti/Al ratio in the coating may be preferential formation of stable nitride complexes with Al in the plasma between the cathode and substrate. Compared to TiN, such formations are more resistant to secondary sputtering from the formed coating surface [14] . In case of multilayer systems with coating applied during rotation of the substrate between two sources, the Ti/Al ratio changes towards the primer (i.e. towards Ti/Al ratio ≈ 3.36). This may be caused by radiation effect of heavy accelerated charged metal particles, the depth of effect of which is comparable to the thickness of layers.
The X-ray research of the structure and phase state of specimens (Fig. 3 ) has shown that Series 1 coatings (Fig. 3a) are basically a one-phase solid-state solution based on hcp lattice. High-temperature annealing does not lead to a change of the lattice type but stimulates preferred orientation of crystallites with texture plane (101). This conclusion is based on the relative increase of reflection intensity (101) on spectrum curve 2 (Fig. 3a) .
Coating deposition with an increased pressure of nitrogen leads to a change of the type of the formed crystal lattice from hcp (Series 1 metal coating) to fcc (Series 2 nitride coating), while the preferred orientation changes from (101) to (111) (Fig. 3b) . Annealing does not basically alter the structural state, but leads to relaxation of condensing compressive stresses. On the diffraction spectra, this develops in a proportional spike displacement towards the high-angle region (projection in geometry  -2).
In multilayer coatings with interlayers 7-8 nm thick, the fcc lattice (NaCl structural type) is formed in two phases of making the coating layer in [Ti(Al):Si]Nx/CrNy and [Ti(Al)]Nx/ZrNy systems. It should be noted that in case of the [Ti(Al):Si]Nx/CrNy system, the coating has strong preferred orientation of crystallites on planes unchanged (111) (Fig. 3c) , while for the [Ti(Al)]Nx/ZrNy system, preferred orientation is practically not observed (Fig. 3e) .
In (Fig. 3d) , Spectrum 1), while in MoNx layers, formation of a phase with a hexagonal elementary cell (P63/mmc space group) takes place. Annealing does not alter the phase composition in layers of all studied systems, however it leads to relaxation of growth compressive stresses, which shows up in displacement of diffraction reflections on spectra towards the high-angle region (Spectra 1 and 2 in Fig. 1c, d, e) . We have made comparison of the obtained data on elemental composition and structural characteristics with the measurement data on coatings microhardness.
The observed increase of microhardness after annealing (Table 2 , Series 5, 6) can be explained by strong texturing with preferred orientation of crystallite planes (101) parallel to the surface.
In [Ti(Al):Si]Nx coatings, as well as in the [Ti(Al):Si]Nx/CrNy multilayer system, annealing is accompanied by some decrease of hardness owing to relaxation of the initial compressive stresses. In the stronger bound [Ti(Al):Si]Nx/MoNy system, annealing at 700 °С does not practically change coating hardness (Series 4 in Table 2 ).
A quite significant increase of hardness after annealing (about 23 %) was observed for the [Ti(Al)]Nx/ZrNy system. The detailed analysis of X-ray data with separation of components of complex spectra (Fig. 4) showed that annealing leads to practically no relaxation of the initial compression strain in this material. Displacement of diffraction peaks is not observed (Table 3) , but their 
